Abstract
various HC types strongly depends on the specific connectivity between cones and HCs However, these morphological parameters show some overlap. 74
To account for the spectral sensitivities of HCs in goldfish, Stell and co-workers 75 Stell et al. 1975 ) suggested that H1-cells are MHCs which are innervated by all cone-types (L-, M-and S-76 cones), H2-cells are BHCs which are innervated by M-and S-cones, and H3-cells are THCs which are only 77 innervated by S-cones. Such specific connectivity leads to the spectral coding of HCs. Long wavelength 78 stimulation activates L-cones and hyperpolarizes MHCs which leads to depolarization of the BHCs due to 79 feedback from MHCs to M-and S-cones. THCs depolarize to middle wavelengths and hyperpolarize to 80 long wavelengths, due to feedback from the BHCs to the S-cones. 81
Part of the Stell model was experimentally confirmed. The depolarizing response to long wavelength 82 stimuli in BHCs was reduced when feedback from HCs to cones was genetically reduced (Klaassen et al.  83 2011). However, there are also some predictions made by the Stell model that could not be 84 experimentally confirmed. The Stell model predicts that feedback to S-cones induced by long wavelength 85 stimulation should be inverted relative to feedback induced by middle and short wavelength stimulation. 86 Kraaij et al. (1998) tested this prediction directly and found that feedback in S-cones did not change sign 87 when moving from short to long wavelength stimulation. Secondly, the spectral sensitivity of the various 88 HC-types shows a much larger variability than predicted by the Stell model (Kamermans and Spekreijse 89 1995). Furthermore, Connaughton and Nelson (2010) described six different spectral HC-types in 90 zebrafish. Apart from two types of MHCs, one BHC and two THCs, they characterized a tetraphasic HC 91 (depolarizing to middle wavelengths and UV-light, while hyperpolarizing to long and short wavelength 92 light). To address these discrepancies, we revisited the question about the correlation between the 93 morphological and the physiological connectivity between cones and HCs. 94
One reason for these discrepancies might be that the description of the connectivity of HCs with cones in 95 goldfish is mostly based on Golgi impregnated or HRP filled HCs. Such an approach leads to the 96 connectivity of single HCs with cones. Since HCs are strongly electrically coupled, the spectral sensitivity 97 of HCs is also determined by the other HCs in the network. Therefore, one needs to determine the 98 connectivity between cones and HC layers. 99
Zebrafish is especially suited for the analysis of the contacts between cones and HCs, because the cones 100 are organized in a regular mosaic allowing identification of their spectral type. This mosaic is preserved 101 at the level of the synaptic terminals of the cones. Consequently, the tips of HC dendrites innervating 102 these terminals form a regular pattern. L-and M-cones form double cones and are aligned in double 103 rows in which every pair is flipped when compared with the previous pair. The S-and UV-cones alternate 104 in a single row located in between the double cone rows. In general the S-cone synaptic terminal is 105 located in between two L-cone terminals, and the UV-cone terminal in between two M-cone terminals 106 (Li et al. 2009 ), although some variability in the position of the S-and UV-cone synaptic terminals has 107 also been described (Li et al. 2012) . 108
The discrepancy between the HC spectral sensitivity and the HC-cone connectivity might be due to 109 differences in the feedback signals generated by the various HC types. Since HC-coupling and feedback 110 depend for the major part on connexin (Cx) function (Klaassen et al. 2011), one needs to determine the 111 properties of Cx-hemichannels expressed by the various HC types. Cxs are proteins that form gap-112 junctional channels and hemichannels. In HCs, they are involved in coupling (Chalupa and Werner 2003) 113 and in the feedback pathway from HCs to cones (Kamermans et al. 2001 We first set out to functionally characterize these Cxs and determine which HC-type expresses the 121 various Cxs. We analyzed the properties of the Cx-hemichannels in Xenopus oocytes and found that the 122 IV-relations of the hemichannels formed by these Cxs fall into two classes. One class shows a rather 123 linear IV-relation (Cx52.6 and Cx52.9) while the other shows a prominent time-dependent reduction of 124 current at negative potentials (Cx55.5 and Cx52.7). Next we cloned the promoter regions of the various 125
Cx genes and generated zebrafish which express GFP under control of these promoter regions. We found 126 that each HC expresses at least Cx55. 
Immunocytochemistry

227
Light adapted zebrafish were anesthetized and cervical transected. Zebrafish eyes were fixed for 10 min 228 at room temperature in freshly prepared 0.1 M phosphate-buffered (pH 6.5) 4% formaldehyde, followed 229 by fixation in 0.1 M sodium bicarbonate-buffered 4% formaldehyde (pH 10.4) for 10 min (Eldred et al. 230 1983) . After the eyes were rinsed in phosphate buffer 0.1 M pH 7.4, the anterior eye segment, sclera and 231 choroid were peeled away. Pieces of retina were incubated free floating during 48 hours with a primary 232 antibody against Cx52.9 (1:100) and Cx55.5 (1:3000) in PBS containing 0.3% Triton X-100 and 5% NGS at 233 room temperature The antibodies against Cx52.9 and Cx55. 
Results
257
Properties of connexins hemichannels Table 1 for number of oocytes per experiment). Comparison of these current traces 265
with the results for the Cx38 antisense injected oocytes (AS; n = 8) shows that almost all current under 266 these conditions is mediated by hemichannels, which are formed by the expressed zebrafish Cx (Fig 2A  267 and B). All Cxs show a slowly developing outward current when the potential is stepped to positive 268 potentials and only small inward currents when the membrane potential is stepped to negative 269 potentials. mediated by Cx55.5 and Cx52.7 strongly reduces with hyperpolarization whereas the IV-relations for 274
Cx52.6 and Cx52.9 are almost linear at negative potentials ( Fig 2C) . 275 The time constants of the currents were determined next. A two exponential function (eq 1) was fitted 277 through the curves during the step from the holding potential (-60 mV) to the step potential (-20 mV) 278
( Fig 2C) . This protocol induces channel opening. A large outward current exists immediately after 279 depolarization of the membrane. This current decreases with two time constants. This indicates that the 280 channel inactivates and/or that a secondary inward current is induced by the depolarization. Fig 2D ( 
shows the time constants of the currents when stepping from -60 to -20 mV. The short time constant 282 (τ O1 ) differs significantly between the various Cxs (Table 1) . Post hoc testing reveals that τ O1 of Cx52.6 283 and Cx52.7 do not differ significantly from each other (p = 0.17). The same holds for Cx52.9 and Cx55.5 (p 284 = 0.44). When these two groups are tested against each other a significant difference occurs. The 285 hemichannels in the Cx52.6/Cx52.7 group inactivate much faster than the Cx52.9/Cx55.5 group (335 ± 25 286 ms; 523 ± 49 ms; p = 0.0045). The long time constants (τ O2 ) do not differ significantly between the 287 various Cxs (Table 1 ). The absolute amplitudes are not further analyzed since the Cx expression differed 288 substantially between experiments. Instead the ratio A O2 /A O1 was calculated. The ratios between the 289 amplitude of the slow and the fast exponent for channel opening varied significantly between the 290 various Cxs (Table 1) . 291
Next we looked at the time constants of channel closing (Fig 2D, right) when stepping from -20 to -60 292 mV. Directly after the step to -60 mV a large current occurs. This current decreases with two time 293
constants. This suggests that the channel closes slowly with hyperpolarization. Both the short (τ C1 ) and 294 the long time constants (τ C2 ) differ significantly from each other ( Table 1 ). The short constant (τ C1 ) of 295 Cx52.6, Cx52.7 and Cx55.5 do not differ significantly from each other (ANOVA, p = 0.62, F = 0.595). τ C1 of 296
Cx52.9 is much larger when compared to all the other Cxs (Cx52.6 versus Cx52.9: p = 0.0490; Cx52.7 297 versus Cx52.9: p = 0.0084; Cx55.5 versus Cx52.9: p = 0.0003). Post hoc testing reveals that τ C2 of Cx52.6 298 and Cx55.5 do not differ significantly from each other (p = 0.789). The same holds for Cx52.7 and Cx52.9 299 (p = 0.390). When these two groups are tested against each other a significant difference occurs. The 300
Cx52.6/Cx55.5 group is much faster than the Cx52.7/Cx52.9 group (2.32±0.76 versus 3.47±0.51; p = 301 0.00002). The ratios of the amplitudes (A C2 /A C1 ) of the fast and the slow exponent for channel closing did 302 not differ significantly between the various Cxs (Table 1) . 303
The main difference between the various Cxs seems to be in the amount of rectification of the IV-304 relations. Based on that, the four Cxs can be grouped into two categories. Cx52.6 and Cx52.9 have rather 305 linear IV-relations whereas Cx52.7 and Cx55.5 have a strongly rectifying IV-relation. 306 representing the gap junctions between HCs. Since the dendrites of the various types of HCs were 310 strongly intermixed in two plexuses (see Supplemental movie), it is impossible to determine the Cx 311 expression pattern for each HC-type separately on the basis of immunocytochemistry. Therefore, we 312 adopted a strategy in which we expressed GFP under the control of the various Cx promoters. Fig 3A  313 shows an example of GFP-expression via the promoter for Cx55.5. Dendrites innervating photoreceptor 314 synaptic terminals show the specific horse shoe shape. Also on the bipolar cell side of the HCs dendrites 315 can be seen, together with an axon innervating the inner nuclear layer. The promoter regions for Cx52.6 316 and Cx55.5 have been described previously (Shields et al. 2007 ). The promoter regions for Cx52.7 and 317
Connexin expression patterns of horizontal cells
Cx52.9 were cloned in this study (see Materials and Methods). GFP expressing zebrafish lines were 318 generated using these promoters. GFP was expressed in HCs for all of these promoters. We examined 319 the morphology of the somata and the pattern of the dendritic tips of the fluorescent HCs for the 320 different Cxs. We consider the pattern of Cx-promoter driven GFP expression as a valid indication for the 321 expression of the related Cx protein, because the patterns we found were stable over 5 generations and 322 were equal in various independently generated zebrafish lines. 323
Cx55.5 324 First, we analyzed fluorescence in retinas with GFP-expression driven by the promoter for Cx55.5 325 (Cx55.5:GFP). Fig 4A shows that GFP labeled HCs in the retinas of the Cx55.5:GFP fish cover the retinal 326 surface completely. Only small areas are not stained. A cross section shows that this is a single layer of 327 HCs (Fig 3) . The soma size of HCs showed a large variability, suggesting that GFP was expressed in 328 multiple HC-types. Scrutinizing Fig 4A reveals that some HCs seem to be labeled more intense than 329 others. These HCs seem to have slightly smaller somata with an irregular shape suggestive for H2-cells. 330
The dendrites of the labeled HCs can be traced back to the photoreceptor synaptic terminals. The tips of 331 the dendrites appear as small structures in the synaptic terminals of the photoreceptors (Fig 4A) . Inside 332 the cone terminals they form rosettes; the multiple synaptic ribbons of cone terminals are organized in a 333 circle with a HC dendrite lateral to each ribbon. Rods have only one synaptic ribbon with two lateral HC 334 dendrites. contacts are scattered in between the cone terminals. All the cone and rod synaptic terminals appear to 342 contain GFP labeled HC-dendrites, indicating that Cx55.5 is expressed by all HC-types and thus all 343 photoreceptor terminals contain GFP labeled HC processes. 344
Cx52.7 345
Next, we examined fluorescence in Cx52.7:GFP retinas. In these retinas, GFP was present in HCs of a 346 single type (Fig 4B) . The fluorescent HCs were large (89.5 ± 5.7 µm 2 , n = 11), with an irregular shape and 347 long thick dendrites. These HCs cover only a relatively small area of the retinal surface (12.2 ± 0.9 %), in 348 contrast to the Cx55.5:GFP labeled HCs which cover the retina almost completely. Based on these 349 morphological parameters, these HCs can be classified as H4-cells. 350
When tracing the dendrites back to the photoreceptors (Fig 4B) , a pattern of scattered puncta appears, 351
indicative of the HC dendrites in the small synaptic terminals of rods. However, one or two dendrites 352 contacting a cone would appear similar as a rod contact in such an analysis. Therefore, we performed an 353 electron microscopical analysis of these retinas. Fig 5A and to make the small scattered contacts that were seen in Cx55.5:GFP and Cx52.7:GFP retinas. This indicates 362 that these HCs contact only cones. The brightest fluorescent are L-and M-cone rosettes (circles). To 363 exclude that in the retinas of Cx52.7:GFP and Cx52.9:GFP the same HC population was labeled we 364 generated a double transgenic zebrafish line with expression of Cx52.7:GFP and Cx52.9:mCherry. Fig 5C  365 shows that GFP and mCherry are expressed in the somata of different cells. These results confirm that 366 the promoters for Cx52.7 and Cx52.9 are active in different cell-types. Note that unlabeled areas of the 367 size of HC somata exist between the GFP and mCherry labeling indicating that Cx52.7 and Cx52.9 368 together do not label all HCs. 369
Cx52.6 370 Next, we analyzed fluorescence in retinas of Cx52.6:GFP fish (Fig 4D & E) . The fluorescence in these 371 retinas is not homogeneous over the entire retina (Fig 4D and E) . In the ventral quadrant GFP-labeled 372
HCs covered around 40.7 ± 1.7 % of the retinal surface (n = 6). The somata consisted of two types: one 373 was roundish with short dendrites, suggestive for H1-cells and the other was large and irregular with 374 thick dendrites, suggestive for H4-cells. On the level of the photoreceptor terminals GFP labeling was 375 found mostly in the larger L-and M-cone terminals and the rod terminals, and less dendrites in the S-376 and UV-cone terminals. These observations suggest that in the ventral quadrant of the retina, the label 377 was present in H1-and H4-cells (Fig 5E) . In the three dorsal quadrants the pattern of GFP expression was 378 very different (Fig 5D) . The average soma size of these HCs was 98.2 ± 7.1um 2 (n = 7) and the dendritic 379 tips only contacted small structures. Overall the labeling pattern strongly resembled the Cx52.7:GFP 380 retinas. This indicates that in the dorsal 3 quarters of the retina only H4-cells were labeled (Fig 5D) . 381
In addition, focusing down in the retina reveals label in a subset of bipolar cells (Fig 4D and 5E ). These 382 cells were evenly spaced, had somata close to the HC layer with axons ending in the deeper layers of the 383 inner plexiform layer (IPL) (Fig 5E) The HCs (n = 17) in this group hyperpolarized to all stimulus wavelengths with a maximal response to 525 407 nm light (Fig 6) . The neurobiotin-filled cells had regular somata with relatively short dendrites. On 408 average the soma size was 67.5 ± 3.6 µm 2 (n = 16). Fig 7A shows complete overlap of filled HCs with the 409 GFP fluorescence in the Cx52.9:GFP retina, suggesting that these HCs were of the morphological H1-type. 410
In this preparation one cone was accidentally damaged by the electrode and filled with neurobiotin. This 411 cell in Fig 7A shows the red fluorescent Cy3 labeling but no GFP labeling. 412
In order to study the connections these HCs made with photoreceptors, we filled HCs in the Cx55.5:GFP 413 zebrafish (red), since in these fish all HC-dendrites innervating all the cone-and rod synaptic terminals 414 are labeled with GFP (green, Fig 7B and 4A ). This allowed us to estimate the contacts made by the 415 various HCs with the different types of cones (Table 3 ). The dendritic tips of the neurobiotin-filled HCs 416 made large and aligned contacts in double rows, indicating that these HCs contacted double (L-and M-) 417 cones ( Fig 7A, B and C) . Filled dendrites were visible in only one of the smaller cone terminals, of either 418 S-or UV-cones (most clear in figures 6B and C). In only one retina contacts between the filled HCs and 419 both small cone terminals (S-and UV-cones) were observed. All dendrites in the L-cone rosettes were 420 labeled while only part of the dendritic tips in a rosette of M-cones were labeled, suggesting that H1-421 cells are the only HCs contacting L-cones. In the presumed UV-cones only a few dendrites per rosette 422 were labeled (Fig 7B) . HCs from this group 1 made no contacts with rods as is indicated by the lack of 423 overlap between neurobiotin and GFP in the Cx52.7:GFP fish (Fig 7C) . Overall, cells from group 1 seemed 424 to be H1-cells contacting L-, M-and S-and/or UV-cones. These cells hyperpolarized to all stimulating 425 wavelengths and are therefore MHCs. 426
Group 2 427
The HCs (n = 8) in this group hyperpolarized to short wavelength light stimuli and depolarized to long 428 wavelength light stimuli (Fig 6) . These HCs had irregularly shaped somata with short dendrites . In the 429 Cx55.5:GFP retinas the neurobiotin-filled cells correspond with the brightly fluorescent GFP cells, which 430 form a alternating pattern with less bright green cells (Fig 8A) . Fig 8B shows that these cells were not H1-431 cells since there was no overlap of the neurobiotin label with the GFP label in the Cx52.9:GFP retinas. 432
Analyzing the connectivity of the HCs with photoreceptors in the Cx55.5:GFP retinas, it becomes clear 433 that they contact all cone synaptic terminals except the larger ones (Fig 8A and B) . These data show that 434 these HCs contact M-, S-and UV-cones. Interestingly, one HC in this group depolarized to light of 365 435 nm, while the other 7 HCs in this group either hyperpolarized to 365 nm light or showed no response to 436 this wavelength, suggesting that they receive predominantly S-cone input and a variable amount of UV-437 cone input. The amplitude of the depolarization to 624 nm light was always in the same order of 438 magnitude as the hyperpolarizing response to 525 nm light. 439
Overall, cells in group 2 seemed to be H2-cells contacting M-, S, and UV-cones. These cells had a biphasic 440 spectral sensitivity with depolarizing responses in the long wavelength part of the spectrum, and thus 441 correspond with the BHCs. 442
Group 3 443
The HCs (n = 8) in this group hyperpolarized to short wavelength light, and depolarized or did not show 444 any response to long wavelength light stimuli. The absence of a clear triphasic response behavior in 445 some cells might have been due to the adaptational state of the retina. HCs in this group showed 446 variable morphology. These HCs were much wider spaced than the H1 and H2-cells. Some cells had H3 447 morphology. The somata of these HCs were small and irregularly shaped, but the dendrites were longer 448 than the H2-cells (Fig 9A) . These cells contacted S-cones and UV-cones, but one more than the other. 449
Other HCs had H4 morphology, also with long but thicker dendrites, and with larger irregularly shaped 450 somata (Fig 9B and C) . Recordings and injections in the Cx52.7:GFP fish confirmed that some cells in this 451 group were H4-cells (Fig 9B and C) . The dendrites of these HCs contacted predominantly rods and one of 452 the two small cone terminals; either S-or UV-cones (Fig 9B and C) . In 2 out of 6 preparations, the cone 453 contacts were absent and only rod contacts were observed. 454
Since the H4 cells contact predominantly one cone type and respond strongly to UV light, we concluded 455 that the cones contacted by the H4 cells are UV-cones. The fluorescent appearance of the two small 456 cone terminals differs slightly. One has a star-like appearance whereas the fluorescence in the other is 457 more diffuse. Since the H4 cell contacts mostly the star-like terminals, we concluded that these terminals 458 were the UV-cones. Following this logic we estimated the connectivity of the HCs with the cones. 
Properties of connexin-hemichannels
497
Based on the properties of their IV-relations, the four Cx-hemichannels could be grouped into 2 498 categories. Cx52.6 and Cx52.9 have linear IV relations, while the hemichannel current of Cx52.7 and 499 Cx55.5 reduced strongly at negative membrane potentials. This division was unexpected, since based on 500 the homology of the amino acids sequences, Cx55.5 and Cx52.9 should form one group and Cx52.6 and 501
Cx52.7 the other. 502
The voltage clamp analysis revealed that both the hyperpolarization induced and depolarization induced 503 hemichannel-currents could be fitted best with a sum of two exponentials. One very slow process (time 504
constant of a few seconds) and one a bit faster (time constant of about 380 ms). The very slow process 505 has been seen by other researchers as well and has been attributed to the activation or inactivation of a 506
Ca-dependent Cl-current (I Cl(Ca) ) known to exist in these channels will lead to ATP release. This leads to acidification of the synaptic cleft and to inhibition of 520 the Ca-channels of the cones (Vroman et al. 2014 ). Upon hyperpolarization, the conductance of the 521 Cx55.5 hemichannels will reduce and thus the Ca-influx will reduce. Panx1 channels will also close in a 522
voltage dependent manner but in addition, their closure might be enhanced by the reduction of the Ca-523 concentration in the HC-dendrites. This will lead to a reduction of the release of ATP and resulting 524 acidification of the synaptic cleft. This mechanism would enhance negative feedback from HCs to cones. 525
The time constants of channel inactivation after a step from -60 mV to -20 mV and of channel closing 526 after a step from -20 mV to -60 mV are all roughly between 300 and 500 ms. Subtle differences between 527 the various Cxs are present. Cx55.5 and Cx52.9 have slightly longer time constants for channel 528 inactivation than Cx52.6 and Cx52.7. For channel closing the time constants for all Cx are more similar 529 than for channel opening with the exception of Cx52.9 which is the slowest. These results indicate that 530 the Cx-hemichannels are not static pores but that they change their conductance with a time constant of 531 300-500 ms. 532
HCs feed back to cones via two pathways: one involving Cx-hemichannels and one involving Panx1 533 channels. The Cx-pathway is ephaptic and ultra-fast. The other is dependent on ATP release which 534 induces pH changes in the synaptic cleft and has a time constant of around 200 ms (Vroman et al. 2014 ). 535 We show now that Cx-hemichannels inactivate with a time constant in the same order of magnitude, 536 meaning that the Cx-hemichannel feedback will reduce with time while the Panx1 mediated feedback 537 will slowly increase. Thus, fast ephaptic feedback seems to dominate the early part of the response while 538 the Panx1/ATP feedback seems to dominate the sustained part of feedback. The exact ratio of ephaptic 539 versus Panx1/ATP feedback during these different time periods is still unknown. 540
The GFP-promoter study suggests that H2 and H3 cells express only Cx55.5 while the H1 cell express 541 apart from CX55.5 also Cx52.6 and Cx52.9 and H4 cells express Cx52.6 and Cx52.7. This opens the 542 possibility that H1 and H4 cells tune the ephaptic feedback signal per cone type. By expressing Cx-543 hemichannels that inactivate less or have different time constants, the ratio ephaptic feedback versus 544 Panx1/ATP feedback could be modulated. However, since the H2 and H3 cells do express only Cx55.5, 545 variation in spectral coding of H2 and H3 cells is unlikely resulting from differential expression of Cxs in 546
HCs. In this study only properties of homomeric hemichannels formed by one Cx were investigated, but it 547 is possible that H1-and H4-cells express channels which are formed by more than one Cx. found. Our analysis shows with greater certainty that H1 cells connect to L-cones and H2 cells connect to 556 L-and M-cones. The variability in the connectivity of S-and UV-cones was also observed in our study 557 ( Table 3 ). The DyI labeling did not allow observation of rod HC dendrites innervating cone synaptic 558 terminals. 559
When the morphological connectivity pattern we have described is compared with the model derived 560 inputs to the HCs in the study of Connaughton and Nelson (2010), discrepancies occur mostly in the S-561 and UV-cone ratios. Connaughton and Nelson (2010) determine the input strength to the various HCs on 562 the basis of the response amplitude. In their phenomenological model, cone inputs could either 563 hyperpolarize or depolarize HCs with light stimulation and no feedback pathways were included. In 564 reality, the depolarizing responses are most likely generated via negative feedback from HCs to cones. 565
When we only consider the hyperpolarizing cone inputs to HCs, Connaughton and Nelson come to the 566 following scheme (Table 4) . 567
The main differences between the connectivity derived by Connaughton and Nelson (2010) and the 568 connectivity derived in this paper are that Connaughton and Nelson found: 1) absence of S-cone input to 569 the H1 cells; 2) The small amount of UV cone input to the H2 cells; 3) the absence of UV-cone input to 570 the rod driven HCs. Especially the connectivity between HCs and the S-and UV cones seems to be rather 571 variable which might have given rise to the various physiological HC subtypes identified by Connaughton 572 and Nelson. 573
It is intriguing that the H4 cells receive input from UV-cones and rods. This suggests a special relation 574 between these two classes of photoreceptors. Recently it was shown that mutations in specific zebrafish 575 genes with a role in cone development cause a phenotype in which UV-cones in the retina are replaced 576 by rods (Alvarez-Delfin et al. 2009; Duval et al. 2014 ). This developmental relation between rods and UV-577 cones is interesting with respect to our finding that H4-type HCs connect with rods and also with UV-578 cones. 579
Horizontal cell spectral coding In this study we revisited this classic question and determined the connectivity between HC-layers and 591
photoreceptors. The connectivity and responses of H1-and H2-type HCs in zebrafish are rather similar to 592 those in goldfish. Exceptions are that the H1-cells receive UV-cone input and limited S-cone input and 593 that H2-cells receive both S-and UV-cone input. The most striking difference is however the finding that 594 rod-driven HCs (H4) can receive input from UV-cones. In the light adapted retina, these H4-cells have a 595 triphasic spectral sensitivity, resembling that of H3-cells. The spectral profiles of the H3-and H4-type HCs 596 are highly variable, which may have been the reason that Connaughton and Nelson (2010) have 597 identified six physiological HC-types in zebrafish. They added three new classes of cells: THC-blue, THC-598 UV and tetraphasic HCs. The cells they found in these three groups together seem to be the group 3 cells 599 described in this study. It seems likely that their THC-blue cells were actually H3-cells, while the THC-UV 600 cells may have been H4-cells. The tetraphasic cell identified by them is most likely a H3 cell with no or 601 very limited UV-cone input. Similarly the difference between the H1-L1 and the H1-L2 of Connaughton 602 seems to be the variable relative input from the S-and UV-cones. 603
In all studies dealing with the spectral sensitivity of HCs, highly variable results have been obtained. 604
Could the variability be related to differences between retinal localizations? The retinas with fluorescent 605
HCs express GFP via one of the Cx-promoters. The fluorescent HCs of Cx55.5, Cx52.9 and Cx52.7 and the 606 pattern of their dendritic tips showed a relatively uniform distribution across the retina. The ventral 607 quadrant of the Cx52.6:GFP retina however showed a different pattern from the rest of the retina. This 608 implies that in respect to some properties there are ventral-dorsal differences in the zebrafish retina. 609
Although we did not study this, it is possible that part of the observed variability in the short wavelength 610 dominated HCs (THCs) is caused by the different regions of the retina that we recorded from; it is also 611 possible that the rod-driven HCs only receive UV-cone input in a certain region of the retina. 612
Mechanism underlying spectral coding of horizontal cells
613
The depolarizing responses in HCs are generated by feedback from other HCs to cones. If a HC does not 614 receive a direct input from a specific cone type, then the HC might depolarize for wavelengths that 615 stimulate that particular cone type due to feedback from the other HCs to the other cone types. This 616 explanation accounts for the depolarizing responses of BHCs to long wavelength light stimulation and of 617
THCs to middle wavelength light stimulation. We sometimes observed depolarizing response in BHCs to 618 UV light stimulation. Such responses can be accounted for by a similar argumentation as for the other 619 depolarizing responses; i.e. these particular BHCs did not receive a strong UV-cone input. 620
The question remains how the hyperpolarizing responses to long wavelength light stimulation occur in 621
THCs. For instance, the hyperpolarizing response to red light in the THC is suggested to occur due to 622 feedback from the BHC to the S-cones. With red light stimulation the BHC will depolarize and thus send 623 an inverted feedback signal to the S-cones. H1-cell. This hyperpolarization leads to an increase in the current flowing through the Cx-hemichannels 644 at the tips of these HCs making the potential in the synaptic cleft slightly more negative. This will be 645 sensed by glutamate receptors on the dendrite of the other HC in the following way. Since the reversal 646 potential of the glutamate gated channels is around 0 mV and HCs rest at about -40 mV, the driving force 647
for the glutamate gated current is about -40 mV. When the potential deep in the synaptic cleft becomes 648 slightly negative, the driving force for the glutamate gated current will reduce leading to a 649 hyperpolarization of the H2-cell. So, this means that dendrites of HCs in the same synaptic invagination 650 are slightly coupled. This coupling will be most prominent in conditions where the cone is not stimulated 651 by light. 652
What is the consequence of the UV-cone input to H4-cells? The H4-cells will behave rather similar to the 653 H3 cells in photopic conditions. The H4 cell will feedback to rods inducing a surround response via the 654 rod-synaptic terminals introducing a surround response in the rod-pathway under photopic conditions. 655
In scotopic conditions the contact between the H4 cells and the UV-cones will result in a rod driven 656 surround response in the cone pathway. Such pathways have also been identified in the mouse (Szikra et 657 al. 2014 ). This cross-talk between the cone and the rod pathway illustrates one of the "design principles" 658 of the retina: it codes information as efficient as possible using the least amount of energy. One way to 659 achieve this is to use all available neurons in any adaptational state The HC-dendrites innervate cone synaptic terminals. L-and M-cone terminals (red and green circles) 786 alternate in a double straight line, S-and UV-cone terminals (blue and purple circles) alternate in a single 787 straight line in between the double cones. The filled dendrites (red) are from an H1 network, 788 predominantly contacting L-and M-cones, but also filled dendrites in S-and UV-cone terminals can be 789 seen. 790 The tips of the dendrites form large rosettes and punctuate patterns. In the ventral quadrant no bipolar 823 cells are labeled with GFP. Scale bars are 25 µm, 10 µm, 10 µm and 5 µm respectively, from left to right. 824 
